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Effect of Anti-hepatotoxic Agents Against Microcystin-LR Toxicity in Cultured

Rat Hepatocytes. MEREISH, K.A. AND SOLOW, R. (1989). Toxicol. Appl.

Pharmacol., - Primary cultures of adult rat hepatocytes were used to

investigate the effects of two putative therapeutic agents, dithioerythritol

and silymarin on microcystin-LR-induced hepatotoxicity. Cell injury was

assessed by (1) the extent of cellular 114C]adenine nucleotides and lactate

Jehydrogenase (LDH) release into the media and (2) the extent of hepatocyte

detachment from monolayers. Microcystin-LR (1 uM) induced a significant

release of both ['1C) nucleotides and LDH. from hepatocytes as well as

significant detachment of cells from monolayers. Although both

dlthioerythritol and s3lymarin reduced the amount of marker release and cell

detachment from microcystin-LR-treated wells, silymarin provided significantly

greater protection than dithioerythritol at one tenth the concentration.

Furthermore,, silymarin and dithioerythritol treatment prevented morphological

deformations and oetachment of cells.
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Cyanobacteria, Microcystis aerugenosa, synthesize sever'al related, small-

molecular-weight, cyclic polypeptides (Bishop et al., 1959) which possess

potent hepatotoxic activity in many species, including humans (Gorham 1964;

Gorham and Carmichael, 1979; Falconer eCt al., 1983; Jackson et al., 19865.

One of the most potent of these peptides, microcystin-LR, is a 7-amino acid

ring structura where L and R designate the two variant amino acids, leucine

and argenine, respectively (Botes ec al., 1984). Administration of lethal

doses of microcystin-I.R to laboratory rodents rapidly induces severe liver

hemorrhage which is associated with centrilobalar hepatocyte necrosis

(Schwimmer and Schwimmer, 19b4; Falconer et al., 1981).

Microcystin-LR not only induces the rapid cnset of liver damage in

rodents in vivo (Slatkin et al., 1983; Falconer et al.; 1981; Runnegar and

Falconer, 1981; Theiss 1984; Theiss and Carmichael, 1986), but also induces

necrosis of cultured rat hepatocytes after several hours of incubation with

the toxin (Foxall and Sasner, 1981). These observations have led to the

suggestion that microcystin-LR may cause the destruction of the sinusoidal

endothelial lining and/or disintegration of hepatocyte cell membranes

(Falconer et al., 1981).

Microcystin-LR-induced, in vitro cytotoxicity can be separated into early

and late events. The early events that occur within seconds to minutes after

hepatocytes are exposed to the toxin are characterized by morphological

deformation of cells (blebbing) (Runnegar et al., 1981), rapid rise in

intracellular calcium, increased phosphorylase-a activity, depletion of

glutathione (Runnegar et al., 1987; Falconer and Runnegar, 1987), and release

of arachidonic acid metabolites (Naseem et al., 1986). These early events are

not associated with cell toxicity (as measured by trypan-blue exclusion) and

do not depend on the presence of external calcium (Falconer and Runnegar,
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1987). The late events, however, occurring over several hours after the

exposure of hepatocytes to microcystin-LR, are characterized by the leakage of

adenine nucleotides and cytosolic enzymes, followed by loss of cell viability

(Mereish et al., 1989, in preparation). The mechanism by which microcystin-LR

induces hepatotoxicity is not known4 Several hypotheses exist concerning the

interaction of microcystin-LR with hepatocytes. They included whether the

toxin is: transported into the cell via the bile acid transporters of the cell

membrane (Thompson et al., 1988), metabolically activated (Adams et al., 1985;

Stohs, personal communication, 1988) with subsequent covalent binding of

metabolites to cellular macromolecules (as was shown for cyclosporine)

(Nagelkerke et al., 1987), or through the release of soluble inflammatory

mediators (Naseem et al., 1988).

Despite the lack of knowledge about the mechanism of action of

microcystin-LR, we investigated the effect of dithioerythritol (DTE) and

silymarin (SM) on microcystin-LR-induced toxicity of cultured rat

hepatocytes. DTE, which is also known as ,Cleland's reagent, isan excellent

reagent Cor maintaining thiol (-SH) groups in the reduced state (Cleland,

1964) and is frequently used as a protective agent in vitro against

hepatotoxins that produce oxygen-free-radical-induced, oxidative stress in

cultured hepatocytes (Nicotera et al., 1984; Bellomo et al.. 1987). SM, a 3-

arylfavonone isolated from the fruit of Silbux marianus, has been shown to

have antihepatotoxLc eftects in vivo (Hahn et al., 1968) and in vitro (Wagner,

1986, Hlkino et al. 1984).

In order to determine if DTE and SM have a protective effect against

microcystin-LR induced toxicosis, cultured rat hepatocytes were pretreated

with these agents and then expcsed to microcystin-LR. Microscopy, the release

of both [14CJaden!ne nucleotides and LDH from cultured hepatocytes (Shirhatti
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and Krishna, 1985), as well as detachment of hepatocytes from culture, were

used as indices of cell injury.

MATERIAL AND METHODS

Materials. The following materials were obtained commercially from the

indicated sources: SM (Aldrich Chemical Co. Inc., Milwaukee, WI);

[''C]adenine (50 mCi/rmol) (New England Nclear Corp.,. Boston, MA); tissue

culture medium and fetal bovine serum albumin (GIBCO, Grand Island, N.Y.);

tissue culture ware (Becton-Dickinson Labware, Lincoln park, NJ); and rat tail

collagen, collagenase type IV, 5"-adenosine monophosphate (AMP), 51-adenosine

diphosphate (ADP), 5-adenosine triphosphate (ATP),,5"-inosine monophosphate

(IMP), adenosine, adenine and DTE (Sigma, St. Louis, MO).. Flourescent

poly(ethylene)imine cellulose plates (PEI) were obtained from.EM Science.

Livers from male FW.LEW, congenic, inbred rats (G. Anderson, USAMRIID,

Fort Detrick, Frederick, MD), weighing between 250 - 306 g, were used for all

expiriments. Microcystin-LR (85-95% purity) was obtained frV3 Dr. W.

Carmichael, Wright State University, Dayton, Ohio.

Hepatocytes. Rat hepatocytes were isolated and cultured according to the

methocs of Elliget and Koland (1983). Viable hepatocytes were counted with a

hemocytometer and using trypan blue in phosphate-buffered solution.

Hepatocytes were suspended at 5 x 10s viable cells per ml in Leibrvit's (L15)

medium containing 17% fetal calf serum (FCS) and were seeded on collagen-

coated, 6-well piates by adding I ml of cell Suspension per well. The cells

were allowed to settle for 30 min at room temperature and then Incubated at

37*C with 5% CO2 and 90% humidity for an additional 2 hr. After incubation,

the majority of the cells had attached to the bottom of the well and
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established a monolayer. The non-attached cells were removed by aspiration

and 2 ml of' fresh culture medium was added to each well.

Labeling the nucleotide pool and measurement of drug-induced toxicity. After

overnight incubation of the hepatocytes, culture medium from each well was

replaced with 1 ml of L15 medium containing 14C-adenine (0.2 uCi, 4uM).

Adenine nucleotide pool was labeled as described by Shirhatti and Krishna

(1985). The labeled cells were then incubated for 30 min with 0.5 ml of L15

medium containing varying concentrations of DTE, SM, or medium as control. At

the end of this incubation, another 0.5 ml of cultured medium was added to the

cells, 'either with or without microcystin-LR. The cells were reincubated for

additional 6 hr, after which cell supernatants were removed and centrifuged at

500 X g for 4 min in an Eppendorf centrifuge, model 5414. An aliquot (200 ul)

of each supernatant was removed and counted for radioactivity, in 10 ml of

Hydroflour (National Diagnostic, Somerville, NJ) in a Beckman scintillation

counter, model LS5800 (Beckman Inst. Co., Fullertin, CA). Another aliquot of

the supernatant was removed and stored at -4 0C for adenine nucleotides and LDH

enzyme activity assay. The cells were lysed by the addition of 1 ml of 0.05%

digitonin in phosphate buffer to each well. An aliquot of each ceil lysate

was removed in order to measure radioactivity, LDH, and protein content.

Protein levels were determined using Pierce protein reagent (Pierce, Rockford,

IL) an6 bovine serum albumin as the standard. LDH was assayed with sodium

lactate as substoate and NAD as the cofactor; the rate of for-ration of NADH

was monitored at 340 nm using Coba3 3io (Roche Analytical Inst., Nutley, NJ).
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[14C]Adenine nucleotides (AMP, ADP, ATP, IMP), acenine, and adenosine

were determined by thin-layer chromatography (TLC). Aliquots of cell ly-3te

and supernatant samples, along with standards, were chromatographed on PEI-

cellulose plates. The plates were developed as described by Bochner and Ames

(1982). The regions corresponding to those of the chromatographed standards

were scraped from the plate and counted for radioactivity. Leakage of 14C-

labeled nucleotides and cytosolic LDH from hepatocytes was determined for

control, SM-, and DTE-treated cells, with and without the presence of

microcystin-LR.

Cell'Viability. Hepatocyte viability was assessed by light microscopy using a

Nikon Diphot inverted phase contrast microscope. Photographs were taken with

a Nikon FE camera and Tungston 50, 35-mm, color slide film. Many

hepatotoxins, including picrocystin-LR, reduce cell viability as shown by

detachment of hepatocytes from the surface of culture plates (Shiratti and

Krishna, 1985). Consequently, in toxin-treated cells, the number of attached

cells will decrease with time, which will be reflected by a decrease in

protein amounts as compared to control wells. Therefore, we measured the

amount of protein associated with attached control, microcystin-LR, SM- and

DTE-treated cells after 6 hr incubat'ion. The amount of protein from attached

cells per well was used as an additional index of cell viability.

RESULTS

Treatment of hepatocytes with DTE (0.63 - 5 mM) 3ignificantly reduced the

amount of both 14C-adenine nucleotide and LDH (Fig. 1) released from

microcystin-LR-exposed cells. Similarly, SM treatment (25 to 200 uM)
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significantly reduced the release of both markers (Fig. 2). Maximum

protection of hepatocytes against microcystin-LR toxicity was achieved with

200 uM SM and with 2.5 mM of DTE.

The Rf values for AMP, ADP, ATP, IMP and adenosine were 0.68, 0.34, 0.1,

0.58, and 0.54, respectively. Due to the poor resolution in separating IMP

from adenosine, the bands corresponding to both compounds was as band and

reported as IMP.

Approximately 95% of the [14CJadenine taken up by control hepatocytes was

incorporated into the total cellular adenine nucleotide pool (data not

shown). The majority of [ 1C]nucleotides released into the medium from

control cells after 6 hr of incubation was deaminated AMP (IMP' and/or

adenosine., Although microcystin-LR induced a significant overall loss of the

cellular adenine nucleotide pool, it did not change its distribution (IMP and

AMP 09%; ADP, 8%; ATP, 0.5%; adenine, 1.6%).

Microscopy of control cells revealed that the majority of cells remained

rectangular, mono and binucleated (Fig 3a) and attached to the bottom of their

culture plates for the duration of the incubation period. Microcystin-LR

treated cells, however, became rounded, deformed (blebbed) (Fig 3b) and

detached from the culture plates. This was reflected by low protein

concentrations associated with microcystin-LR- treated cells compared to

controls. rreatment with DTE or SH prevented hepatocyte deformation (Fig.

3c,d) and detachment (Fig. 4) from plates after exposure to microcystin-LR.
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DISCUSSION C

Although both DTE and SM stabilized hepatocytes with respect to the

release of 14C-adenine nucleotides and LDH, SM provided protection against

microcystin-LR-induced toxicity at concentrations lower than DTE. Since OTE

and SM protected hepatocytes against other hepatotoxins, whose mechanisms of

action are better understood, the information gleaned from these studies may

therefore provide insight into the Possible protective mechanisms of both

agents against microcystin-LR indced toxicosis.

Toxins such as acetaminophen, N-acetyl-p-benzoquinone, bromobenzeiv,

dicoumarol, menadione, and t-buty! hydroperoxide injure hepatocytes by

inducing oxidative stress by generating free radicals (Thor et al., '982).

The generation of free radicals leads to the depletion of cellular reduced

glutathione; covalent binding of free radical metabolites to cellular

macromolecules; and oxidation of protein thiol groups, leading to the

subsequent inhibition of the Ca++ translocases located in the plasma membrane,

endoplasmic reticulum, and mii.chondrial inner membrane. These alterations

are eventually translated into membrane peroxidation, phospholipase A2

activation, disturbance of Ca++ homeostasis, deformation of the cell surface

(blebbing), and the loss of cell viability (Dimonte et al., 1984; Moore et

al., 1985). Although it has been shown that toxln-induced glutathione

depjetion, covalent binding to macromolecules, and lipid peroxidation occur

prior to cell death, these events do not always correlate with the loss of

cell viability (Siegers et al., 1977; Stacey and Klaarsen, 1981).

The inhibitlon of the Ca*+Mg**ATPase, especially of the endoplasmic

reticulum, and the conuequent sustained disturbance of Intracellular Ca++

homeostasis have been shown to correlate weli with the loss of cell viability

after carbon tetrachloride and thioacetamide intoxication (Younes'e &C..
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1983). The activity of these Ca++ translocases has been shown to depend

critically on the reduceo state of their thio groups (Bellomo et &1., 1983;

Moore et al., 1975)

Addition of DTE to the culture medium of toxin-treated hepatocytes

reversed the earlj morphological changes and prc:ected them against the loss

of viability associated with free radical-induced oxidative stresi (Starke et

al., 1986; Maridonneau-Parimi et &1., 1986). Most investigators believe that

DTE protects cells not by directly Interacting with either the toxin nor

cellular components, but by reducing oxidized thiol groups associated with

critical proteins, ine., Ca*÷translocases (Tee et al., 1986).

Although'flavonoids, in general, have pleiotrophic effects on mammalian

cells (Havsteen, 1983; Laychock, 1986), SM (and related comoounds) has been

shown to inhibit lipoxygenase specifibally and therefore leukotrene synthesis

(Baumann ei al., 1980); scavenge and neutralize free radicals generated during

oxidative stress (Vengerovskil et al., 1987; Fraga et al., 1987; Valenzueta et

&1., 1986; Valenzuela and Guerra, 1986); and increase hepatocyte rRNA,

ribosomal and protein synthesis In vivo and in vitro (Sonnenbicher and Zetl,

1986).

Microcystln-LR may produce hepatotoxicity by inducing a series of events

that eventually overwhelms the cell's capacity to defend or repair itself.

The early events associated with microcystin-LR-induced hepatotoxicity

(blebbing, increase of intracellular Ca", increase of phosphoralase-a

activity, glutathione depletion, and arachidonic acid release) are strikingly.

similar to the events seen with oxidative stress resulted from other toxins.

These early events suggest that microcystin-LR may generate a free radical(s}

and therefore induce -iidative stress with eventual disruption of membrane

'Integrity, oxidation of thiol groups of key cellular proiteins, and disturbance
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of Ca** homeostasis (Jewell et al., 1982).

It is possible that microeystin-LR inhibits the activity of one or all of

the Ca**-translocating pumps by binding to proteins directly and/or oxidizing

their thiol groups. This possible, irreversible inhibition of the calcium

pumps, followed by a sustained disruption of Ca*+ homeostasis, may take place

during the late period (2-3 hr) observed in our laboratory and lead to the

release of [14C] adenine nucleotides and LDH and finally the loss of cell

viability. The effect of microcystin-LR on hepatocytes SH-proteins is

currently under investigation in our laboratories.

SM may be superior to DTE against microcystin-LR-induced hepatotoxicity

for several reasons. The protective effect of DTE exists only vis-a-vis its

ability to reduce protein or gltutathicne thiol groups. This effect depends on

having an adequate concentration Of DTE available during the incubation

period. SM, however exerts three effects, which could allow the cell to

recover more effectively from the initial, reversible, toxin-lnduced

'effects. SM inhibits the synthesis and release of leukotrienes, which have

been shown to mediate hepatocyte damage induced by endotoxin and N-

acetylgalactosamine toxicosis (Hagmann et al., 1985; Keppler ec al., 1985).

Furthermore, SM decreases the concentration of free radicals, especially

superoxide and hydroxyl radicals (Valenzuela and Guerra, 1986; Valenzuela ec

al., 1986), and increases overall protein syntnesis (Sonnenbicher and Zetl,

1986). In summary, we conclude that SM and DTE may protect against

microcystin-LR induced-hepatotoxicity by preventing the synthesis and release

of arachidonic acid metabolites, scavaging possible free radicals generated

during microcystin-LR toxicosis, and preserving the reduced state of thiol

groups of critical cellular protein... Testing the efficacy of SM in

microcystin-LR toxicosis in whole animal models is in progress.
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FIG. 1. Effect of I uM of microcystin-LR on [('C~adenine nucleotide ( 0- )

and LDH (o-o) release from cultured rat hepatocytes treated with DTE. Cells

were incubated with [14 C-adenine for 1 hr. The hepatocytes were then washed

and reincubated in 0.5 ml nedium containing selected concentrations of DTE for

30 min. An additional 0.5 ml medium alone or medium with I uM microcystin-LR

was added to each well and cells were then incubated for 6 Ir. After

incubation, cell supernatants and cellular (14C!nucleotides and LDH were

determined as described in the text. The resutts are presented as the percent

of-marker releas i. Each point represents the mean of three determinations +

SD.

FIG. 2. Effect of I uM microcystin-LR on [1C]adenine nucleotides ( .- 4

and LDH (o -'o) release from cultured rat hepatocytes treated with SM. Cells

were treated as described in Fig. 1, except that SM was used instead of DTE.

The results are presented as the percent of marker released. Each point

represents the mean of three determinations . SD.

FIG. 3. Phase contrast (x 80) of 6-hr cultures of (a) control hepatocytes,

(b) hepatocytes treated with I uM microcystln-LR, (c) hepatocytes treated with

5 mM of DTE and I uM of mierocystin-LR, (d) hepatocytes treated with 0.2 mM of

SM, and I uM of mlcrocystln-LR. Cell blebbing is indicated by an arrow.

FIG. 4. Effect of DTE (--) and SM ( 9-48 ) on cell attachment. Cells

were treated as described In Fig. I except that protein was determined for

attached and detached cells as described in the text. The results are

presented as the percent of attached cellular protein to total protein per

well. Fach point represents the mean of three determinations + SD.

13



REFERENCES

1. ADAMS, W.H., STONER, R D., ADAMS, D.G., SLATKIN, D.N., AND SIEGELMAN,

H.W. (1985). Pathophysiological effects of a toxic peptide from

Microcystis aeruqinosa. Toxicon, 23, 441-447.

2. BAUMANN, J., VON BRUCHMAUSEN, F., AND WURM, G. (1980). Flavonoids and

related compounds as inhibitors of arachldohr.ic acid peroxidation.

Prostaglandins, 20, 62 -639.

3. BELLOMO, G., MIRABELLI, F., RICHELMI, P,. AND ORRENIUS, S. (1983).

Critical role of. sulfhydryl group(s) of ATP- dependent Ca+2 sequestration

by the plasma membrane fraction from rat liver. FEBS-Lett., 163, '36-'39.

4. BELLOMO, G., RICHELMI, P., MIRABELLI, F., MARENONI, V., AND ABBAGNANO,

A.A. (1987). Inhibition of liver microsomal calcium ion sequestration by

oxidative stress: role f potential sulfhydryl group, In Free Radicals in

Liver Injury: Proceedi gs of the International Meeting held in Turin,

June 27-29, 1985, Poll, G., Cheisman, K.H., Dianzane, M.U.; and F.T.

Slater, (Eds.) pp. 139-142,IRL Press Limited, Oxford, England.

5. BISHIP, C.T., ANET, E.F. , AND GORHAM, P.R. (1959). Isolation and

identification of the fast-death factor in Microsystis aeruginosa NRC-i.

Can. J." Biochem. Physioa., 37, 453-471.

14



6. BOCHNER, B.R., AND ýMES, B.N. (1982). Complete analysi3 of cellular

nucleotides by two Jimensional thin layer chromatography. J. Biol. Chem.,

257, 9759-9769.

7. BOTES, D.P., TUINMAY, A.A., WESSELS, P.L., VILJOEN, C.C., KRUGER, H.,

WILLIAMS, D.H., SAN rKARN, S., SMITH, R.J., AND HAMOD, S.J. (1984). The

structure of cyanog nosin-LA, a cyclic heptapeptide toxin from the

cyanobacterium micA cystis aeruginosa. J. Chem. Soc. Perkin. Trans., 1,

2311-2318.

8. CLELAND, W.W. (1964 . Dithiothreitol, a new protective reagent for SH

groups. SiochemistrV, 3, 480-482.

9. DI-MONTE, D., BELLO, G., THOR, H., NICOTERA, P., AND ORRENIUS, S.

(1984). Menadione-imduced cytoxicity is associated with protein thiol

oxidation and alteration in intracellular Ca+ 2 homeostasis. Arch.

Biochem. Diophys. 
2r5, 343-350.

10. ELLIGET, K.A., AND (OLAJA, G.J. (1983). Preparation of. primary cultures

of rat hepatocytes ,uitable for in vit:o toxizity testing. J. Tissue

Culture Meth., 8, 1-6.

11. FALCONER, I.R., BERESFORD, A.M., AND RUNNECAR, M.T. (1983) Evidence of

liver damage by tox~n from a bloom of the blue-green alga microcystis

seruginosa. Med. J.)Aust., 1, 511-514.

15



12. FALCONER, I.R., JACKSON, A.R.B., LANGLEY, J., AND RUNNEGAR, N.T. (1981).

Liver pathology in mice in poisening by the blue-green alga microcystis

aeruginosa. Aust. J. Diol. Sci. 34:179-187.

13. FALCONER, I.R., AND RUNNEGAR, N.T. (1987). Effects of the peptide toxin,

from Microcystis aeruginosa on intracellular, calcium, pH and membrane

integrity in mammalian cells. Chen. 9iol. Intaract., 63, 215-225.

i4. FOXALL T.L., AND SASNER, J.J., JR. (1981). Effect of a hepatic toxin from

the cypnophyte Microcystis aeruginosa. In W.W. Carmichael, (Ed). The

Water Environment: Algal Toxin and Health. p. 365-387. Plenum press,

New York.

15. FRAGA, C.G., MARTINO, V.S., FERRARO, G.E., COUSSIO, J.D., AND BOVERIS, A.

(1987); Flavonoids as antioxidants evaluated by 4n vitro and in situ

liver chamiluminescence, Sioche.. Pharmcol., 36, 717-720

16. GORHAM, P.R., AND CARMICHAEL, W.W. (1979). Phycotoxlns from blue-green

algae. Pure Appl. Chem., 52, 165-174.

17. GORHAM, P.R. (1964). Toxic algae, In Algae and Man, Jackson, D.F. (Ed).

pp. 307-336. Plenum Press, New York.

18. HAGMANN, W., DENZLINGER, C., AND KEPPLER, D. (1985). Production of

peptide leukotrienes in endotoxin shock. FEBS-Lett. 180 309-313.

16



19. HAHN, V, LEHMANN, H.D., KURTEN, M., UEBEL, H. AND VOGEL, G. (1968). Zur

pharmakologie und toxikologie von sllymarin,.des ancihepatotoxischen

wirkprinzipes aus silybum marianum (L). Gaertn, Arzneimittel-Forsch (Drug

Res.), 18, 698-704.

20. HAVSTEEN, B. (1983). Flavonoids, a class of natural products of high

pharmacological potency. Biochem. Pharmacol. 32, 114!-1148.

21., HIKINO, H., KISO, Y., WAGNER, H., FIEBIG, M. (1984). Antihepatotoxic

actions of flavonoligans from Silybum marianus fruits. Planta. Med., 50,

248-250.

22. JACKSON, A.R., RUNNEGAR, M.T., FALCONER, I.R. AND MCINNES, A. (1986).

Cynabacterial (blue-green algae) toxicity of livestock In R.R. Keeler,

A.A. Seawright, L.F. James, and M. Hegarty, (Eds). pp. 499. Proceeding

of the 2nd Australia-U.S. Symposium on poisonous plants, Brisbane,

Australia, May 14-18, in press.

23. JEWELL, S.A., BELLOMO, G., THOR, H., ORRENIUS, S. AND SMITH, M., (1982).

Bleb formation in hepatocytes durir.g drug metabolism is caused by

disturbances in thiol and calcium ion homeostasis. Science, 217, 1257-

1259.

24. KEPPLER, b., HAGMANN, W., RAPP, S., DENZLINGER, C., AND KOCH, H.K.

(1985). The relation of leukotrienes to liver injury. Hepatology, 5, 883-

891.

17



25. LAYCNOCK, S.G. (1986). The biochemistry of cell activation as related to

the putative actions of flavonnids. In Progress in Clinical Biologi~al

Re3earch, v. 213, V. Ccdy, E. Middletone, and J.B. Harborne, J.B. (Eds).

pp. 215-229, Alan R. Liss Inc., New York.

26. MARIDONNEAU-PARINI, I., MIRABELLI, F., RICHELMI, P., AND BELLOMO, G.

(1986). Cytotoxicity of phenazine methosulfate in isolated rat

hepatocytes is associated with superoxide anion production, thiol

oxidation and alterations in intracellular calcium ior homeostasis.

Toxicol. Leet. 31, 175-181.

27. MOORE, M., THOR, H., MOORE, G., NELSON, S., MOLDEUS, P., AND ORRENIUS, S.

(1985). The toxicity of acetaminophen and N-acetyl-p-benzoquinone imine

in isolated hepatocytes is associated with thiol depletion and increased

cytosolic Ca÷ 2 . J. Biol Chem., 260, 13035-13040.

28. MOORE, L., CHEN, T., YNAPP, H.R., JR., AND LANDON, E.J. (1975). Energy-

dependent calcium sequestration activity in rat liver microsomes. J.

Biol. Chem. 250, 4562-4568.

29. NAGELKERKE, J.F., TIJDENS, R.B., SCHWARZ, E.P., WINTERS, M.F., PAUL,

L.C., AND MULDER, G.J: (1987). The covalent binding of cyclosporin A to

rat liver macromolecules In vivo and in vitro: the role of cytochrome P-

450, Toxicology, ý7, 277-284.

18



30. NASEEM, S.M., HINES, H.B., CREASIA, D.A., ANO MEREISH, K.A. (1988).

Comparative effects of toxins on arachidonic acid release and metabolism

in cultured rat hepatocytes and alveolar macrophages. Fed. Am. Soc. Exp.

Biol J., 2, A1353.

31. NICOTERA, P., MOORE, M., MIRABELLI, F., BELLOMO. G. AND ORRENIUS, S.

(1985). inhibition of hepatocyte plasma membrane Ca+ 2-ATPase activity by

menadione metabolism and its restoration by thiols. FEBS-Lett. 181, 149-

153.

32. RUNNEGAR, M.T., AND FALCONER, I.Q. (1981). Isolation, characerization and'

pathology of the toxin from the blue-green algae Microcystis aeruginosa

In W.W. Carmichael, (Ed). The Water Environment: Algal Toxins and

Health. p. 325-342. Plenum Press, New York.

33. RUNNEGAR, M.T., FALCONER, I.R., AND SILVER, J. (1981). Deformation of

isolated rat hepatocytes by a peptide hepatotoxin from the blue-green

alga Nicrocystis aeruginosa. Naunyn-Schmiedeberg's Arch. Pharmacol, 317,

268-272.

34. RUNNEGAR, M.T., ANDREWS, J. GERDES, R.G., AND FALCONER, I.R. (1987).

Injury to hepatocytes induced by a peptide toxin from the cyanobacterium

Microcystis aeruginosa. Toxicon, 25, 1235-1239.

35. SCHWIMMER, D., AND SCHWIMMER, M. (1964). Algae and Medicine In Algae and

man, D.F. Jackson, (Ed)., pp. 368-412. Plenum Press, New York.

19



36. SHIRHATTI, V., AND KRISHNA, G. (1965). A simple and sensitive method for

monitoring drug-induced cell injury in cultured cells. Anal. Diochem.,

147, 410-418.

- 37. SIECERS, C.P., SCHUTT, A., AND STRUBELT, 0. (1977). Influence of some

hepatotoxic agents on hepatic glutathione levels in mice, in Clinical

Toxicology. W.A. Duncan, B.J. Leonard (Eds). pp. 160-162, Amsterdam,

Bxcerpta Medica V3 EX~q no.417.

38. STACEY, N.H., AND KLAASSEN, C.D. (1981). Comparison of the effects of

metals on cellular injury and lipid peroxidation in isolated rat

hepatocytes. J. Toxicol. Environ. Health, 7, 139-147.

39. SLATKIN, D.N., STONER, R.D., ADAMS, W.H., KYCIA, J.H., AND SIEGELMAN,

H.W. (1983). Atypical pulmonary thrombosis caused by a toxic

cynobacterial peptide. Science, 220, 1383-1385.

40. STARKE, P.E., HOEK, J.B., AND FARBER, J.L. (1986). Calcium-dependent and

calcium-independent mechanism of irreversible cell injury in cultured

hepatocytes. J. Blol. Chem., 261, 3006-3012.

41. SONNENBICHLER, J., AND ZETL, I. (1986). Biochemical effects of the

Flavonolignane silliblnin on RNA, protein and DNA synthesis in rat livers.

In Progress in Clinical Biologial Research, v. 213, V. Cody, E.

Hiddletone, and J.B. Harborne, (Eds). pp. 319-331, Alan R. Liss Inc.,

New York.

20



42. TEE, L.B., BOOBIS, A.R., HUGGETT, A.C., AND DAVIES, D.S. (1986). Reversal

of acetaminophen toxicity in isolated hamster hepatocytes by

dithlothreitol. ToxIco1. Appi. Fharmscol., 83, 294-314.

43. THEISS, W.C. (1984). Hepatotoxicity of the blue-green algae

(cyanobacteria) microcystis aeruginos•v. Ph.D. dissertation, pp. 121.

Wright State University, Dayton, Ohio.

44. THEISS, W.C., AND CARMICHAEL, W.W. (1986). Physiological effect of a

peptide toxin produced by the freshwater cyanobacteria (blue-green algae)

Hlrocystis aeruginosa strain 7820. In P.S. Steyn, and R. Vieggaar,

(Eds). Mycotoxins and Phycotoxins, Bioactlve Molecules; V.I. pP. 353-

364. Elsevier, Amsterdam.

45. THOR, H., SMITH, M.T., HARTZELL, P., BELLOMO, G., JEWELL, S.A., AMD

ORRENIUS, S. (1982). The metabolism of menadione (2-methyl-1,4-

naphthoquinone) by isolated nepatocytes. A study of the implications of

oxidative stress in Intact cellm. J. Biol. Chem., 257 12419-12425.

46. THOMPSON, W.L. BOSTIAN, K.A. ROBINSON, N.A., AND PACE, J.G. (1988).

Protective effects of bile acids on cultured hepatocytes exposed to

microcystin. Fed. An. Soc. Exp. Biol. J., 4 A825.

47. VALENZUELA, A., AND GUERRA, R. (1986). Differential effect of silybin on

the Fe+2-ADP and t-butyl hydroperoxide-induced microsomal lipid

peroxidation. Experieatia, 42, 139-141.

21

i lll I II I . iii-. - . . ..i..



48. VALENZUELA, A., GUERRA, R., AND VIDELA, L.A. (1986). Antioxidant

properties of the flavonoids silybin and (.)-cyanidanol-3: comparison

with butylated hydroxyanisol and butylated hydroxytoluene. Planta Med.

6, 438-440.

49. VENGEROVSKII, A.I., CHUCHALIN, V.S. PAULS, 0.V., AND SARATIKOV, A.S.

(1987), Effect of hepatoprotectors onLip[id Metabolism in Hepatitis

induiced by carbon tetrachloride, Byulletin Eksperimental'noi iologii i

Neditsiny, 4, 430-432.

50. WAGNER, H.' (1986). Antihepatotoxic flavonoids In Progress Clinical

Biological Research, v. 213, V. Cody, t. Middletone, J.B., Harborne,

(Eds). pp. 545-558, Alan R. Liss Inc, New York.

51. YOUNES, N., ALBRECHT M,, AND SIEGERS, C.P. (1983). Interrelationship

between in vivo lipid peroxidation, microscmal Ca+2 sequestration

activity and hepatotoxicity in rats treated with carbon tetrachloride,

cumene hydroperoxide or thioacetamide. Res. Coamun. Chem. Pathpl.

Pharmacol., 40, 405-415.

22


